Design Simulation and Experimental Design are widely used techniques in engineering design studies. Design simulation is useful in the virtual testing of new designs without having to spend resources on creating actual prototypes. Experimental Design is useful in analyzing relationships between various parameters of a design and their impact on the functionality and reliability of the design. In this paper, we use a combination of these two techniques to analyze coronary stent designs. A stent is a medical device used to improve blood flow in certain diseased human arteries. Many different stent designs exist in the market. These designs vary in the core structure of the stent and the material used. Optimal selection of the design features plays an important role in the robustness and longevity of stents exposed to various pressures within the artery. This is especially true for the coronary stent design. A coronary stent constitutes critical parameters such as strut design variables, strut size factors like its thickness, and material that must be optimized. Using design simulation and experimental design, we study the effect and interactions of strut design and material on a deployed stent.
The stent market has a total value of $7 billion. A total of one million stents are implanted each year. Therefore, there is a great potential for innovation in the stent industry that can lead to stronger and more biocompatible stents. There is a need for stents that have high radial strength which will greatly increase the clinical success rate and decrease the chance of restenosis and other complications. According to literature, there is a great need for advanced stent designs. Potential stent developments can help improve the quality of life in patients affected by atherosclerosis. For example, current research studies involve using biodegradable PLLA (poly-L-Lactide) stents that are absorbed into the body after a given time period [14] , [20] . These stents could also be drug eluting. Drug eluting stents release medicine that can help prevent a redisposition of plaque. Both biodegradable stents and drug eluting stents could possibly decrease the risk associated with restenosis.
There are two main types of stents. These types include balloon expandable ( Figure 1 ) and selfexpandable ( Figure 2) . A balloon expandable stent is crimped onto a balloon and guide wire. The stent travels on the balloon/guide wire combination to the affected area. A pressure is then applied to the balloon, which then expands. The balloon expansion in turn expands the stent to a specified diameter (depending upon the applied pressure). As seen in Figure 1 , after a stent has been properly positioned (A), the balloon is inflated at high pressure leading to the expansion of the device and to an improved luminal area (B). The balloon catheter is deflated and extracted and the stent remains in place to keep the vessel open (C) [16] .
The second type of stent is a self-expandable stent. Self-expanded stents are manufactured to their major diameter and then crimped. The crimped stent is then constrained to the guide wire [23] . The constraint is removed once the stent reaches the target artery. The stent then returns to its premanufactured diameter by recovering its strain. Figure 2 shows a schematic of the deployment of a self-expandable stent. Fig. 2 : Illustration of the steps involved in self-expanding stent delivery and deployment [10] .
In the first step, a steerable wire is softly advanced across the stenotic lesion (A). The undeployed stent is delivered to the target (B) after a small balloon angioplasty. The stent is deployed distally in a proximal fashion by removing the sheath (C). A completely deployed stent is hence placed in the diseased portion of the artery (D) [10] .
However, stents can have their own associated health concerns. The major concern with stents is the chance of restenosis [22] . Stenting adds stress to the arterial wall that can lead to arterial wall shearing after stent deployment within the artery. These stresses and shearing, in turn, can lead to arterial wall remodeling. Arterial wall remodeling occurs when endothelial cells attempt to recover the injuries caused by stenting [14] . This reaction is an inflammatory endothelial reaction to the shearing caused by the stent expansion and can lead to luminal loss. Stenosis then can reoccur and block the arterial passageway.
Stent design is a critical factor in clinical success. It has been noted in literature that poor stent design can lead to rather undesirable clinical outcomes [19] . Radial strength determines the pressure that the stent can withstand [7] . A stent with insufficient radial strength can lead to arterial damage; can collapse if the critical pressure for the design is exceeded [7] ; and can also cause injury if it does not expand properly. A stent that expands past it major diameter will shear the arterial wall. The endothelial process can then try to recover the damage caused to the artery. A stent that does not expand to its major diameter will result in lower luminal gain. This will decrease the downstream blood flow to the heart. Stent material is also an important factor in determining a stent's clinical success. Research has shown that stents that utilize a material with a low coefficient of friction will limit bacterial formation around the stented site [2] . Material is the major factor in determining the stent's biocompatibility which is the inability of a material to induce an immunological response in-vivo [11] . A stent that makes use of an incompatible material will lead to immunity response that can lead to inflammation around the stented area [11] . Vascular scarring can also occur. This can further lead to toxin buildup around the stent that can kill healthy cells. The material can also corrode, leading to a more substantial buildup of toxins.
Design Simulation and Experimental Design techniques are being widely used these days in the product design process for biomedical devices such as stents in order to develop robust designs [4] [5] , [8] [9] . A robust design meets all functional requirements of the product with little variability in its invivo performance. In this paper, we propose a methodology that is based on combination of design simulation and experimental design to study the effect of strut design and material on the robustness of the coronary stents.
PROBLEM STATEMENT
Various coronary stent designs exist in the market. Additionally, several different materials are being used in stent manufacturing. The stents are exposed to several pressures once they are placed inside the human body. These pressures include the deployment pressure to expand the stent to conform to the arterial wall, the pressure associated with the heartbeat, the pressure exerted by the arterial wall, and the pressure exerted by the offending plaque. In this paper, we focus only on the pressures that are exerted on the stent by the arterial wall. A stent that fails when exposed to pressure can cause significant health risks including restenosis and arterial wall shearing.
Restenosis can be a serious condition. If restenosis happens, a heart attack or stroke (depending on the stent location) can occur because of arterial blockage. Re-stenting is a possibility to remedy restenosis. Re-stenting occurs when a stent is placed within another stent. However, if stents are designed properly, restenosis rates can be significantly reduced. Previous research has shown that thinner strut thickness add less stress to the arterial wall [24] . This decreases damage to the arterial wall and decreases the chance for restenosis occurrence. However, there are tradeoffs involved with the thinner strut designs. A stent designed with thin struts will recoil after it is expanded. Recoil occurs when the structural integrity of the design cannot overcome the inherent strain energy associated with the material. This results in lower gain in the arterial lumen and decreased blood flow gain [24] . This paper compares different combinations of strut designs and material types.
It is hypothesized that both strut design and material play a significant role in determining the radial strength of the stent. The strut design determines the stent's structural integrity. The material's yield strength determines the stress at which the material undergoes plastic deformation. Once a material undergoes plastic deformation it cannot recover to its original size. Thus, both strut design and material impact stent strength. The goal is to determine the appropriate combination of stent strut design and material which will lead to a stent that can properly be exposed to in-vivo pressures. METHODOLOGY A 3 2 full factorial design was used to study and analyze the effect of strut design and material on the stent strength. The Von Mises stress was used as the response variable to measure the stent strength. The input factors considered were stent cell design and the stent material. Each factor has three levels. The stent cell design includes an open stent design, a sinusoidal cell design, and a Palmaz design. Three different materials were considered: Nitinol, 316 stainless steel, and poly-l-lactic acid. These three materials are most commonly used in today's commercially available stents. Figure 3 illustrates the three important phases in the design methodology that was used. The first phase involved creating three dimensional CAD models of the stent designs using a parametric CAD software package. The stents were modeled in a fully expanded state. A stent's fully expanded state occurs when the stent is deployed within the lumen. The fully expanded state represents the stent's largest diameter. The second phase involved performing a design simulation using Abaqus ® finite element analysis (FEA)
software. Static FEA analysis was performed in which time variations were ignored. Rather, an instantaneous uniformly distributed pressure was applied to the stent. The first step in an FEA simulation is to apply boundary conditions. Boundary conditions are the constraints that are applied to the model in order to simulate real-life limitations of motion with respect to the various degrees of freedom. In this simulation, the stent was axially fixed. This boundary condition was used in order to simulate friction holding the stent in place [2] . Loads must also be applied to the model. The human artery has a pressure of 175 mm Hg (0.02333 MPa) [15] . This pressure was applied to the exterior surface of the stent model to simulate the artery pressure.
The stent model was meshed using a tetrahedral element profile. A tetrahedral element consists of 10 nodes. A large number of nodes help to increase the accuracy of the stress analysis. Different seeds were used to randomize the meshing profile for the simulation. Two seeding factors (1.0 for replicate one and 1.1 for replicate two) were used in order to create replicates for the experimental Computer-Aided Design & Applications, 9(4), 2012, 439-455 © 2012 CAD Solutions, LLC, http://www.cadanda.com design. Seeding controls the relative size of individual element of the mesh. As the seed number decreases, the element size also decreases. The decreased size of the mesh element leads to a larger number of elements in the mesh. Thus, the seeding process determines the mesh density.
Once the FEA simulation was completed, the obtained data was analyzed using the Abaqus CAE postprocessor. The Abaqus postprocessor provides a visual representation of the stresses present within the design. The postprocessor also provides a text based report that presents the maximum Von Mises stress present in the model.
The third phase involved performing analysis of variance (ANOVA) on the maximum Von Mises stress values obtained for various combinations of strut design and material. Two-way ANOVA was used to examine the influence of strut design, type of material, and the interaction effect between these two factors on the Von Mises stresses generated around the stent.
COMPUTER AIDED DESIGN
Commercially available stents come in a variety of shapes and sizes depending on the application. The stents that we modeled in this paper use a similar size factor. The three stent CAD models were created using similar lengths, expanded diameters, and strut thickness. It is necessary to use the same dimensions to generate meaningful results. The results would be skewed if the stents were modeled using non-uniform dimensions. For example, a stent with thicker struts would have lower residual stresses than a corresponding stent with thin struts.
The stents were modeled in a fully expanded state. A strut thickness of 0.009 inches was utilized for each stent design. The diameters and length for each stent were modeled to be the same dimension. Stents are typically manufactured using computer numerical codes with automated lasers. Due to its unique capabilities, laser processing has become the predominant method of cutting, ablating, and welding materials for stent manufacturing. Compared to other cutting methods, laser processing produces very smooth edges that substantially reduce the finishing process. Another advantage for laser processing is its unique ability to make intricate design cuts with extreme precision and accuracy [1] . The lasers use a converted two dimensional geometry to create the three dimensional stent. The stents were modeled in a similar manner. The flat pattern was first drawn to include the struts and connecting bridge and was then wrapped around a cylinder. Figure 5 shows an example of the flat pattern and its corresponding cylinder for the sinusoidal stent. 
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Where, L is the overall pattern length C is the overall stent circumference D is the stent diameter
The flat pattern was then wrapped around a circle with a diameter equal to the flat pattern length divided by π.
For sinusoidal stent design, following equation was used to determine the size and shape of the cell pattern. The equation was used to find the x and y coordinates for the sine curve. In our FEA analysis, we did not take into account the periodic nature of the heartbeat. A heart beat can be thought of a sinusoidal wave. The pressure was applied to the stent in correspondence with the peak amplitude of the sinusoidal wave function. Additionally, the full super-elastic nature of nitinol stenting materials was not modeled. Materials used in nitinol stents are usually able to recover a percentage of their strain after they transition to a plastic deformation phase due to an austenitic and martensitic transformation. The materials were modeled using elastic properties such as Young's Modulus and Poisson's Ratio. The super-elastic nature of the nitinol materials and periodic nature of the heart beat is the topic for future research.
Material properties for the three testing materials were input into the Abaqus material database. Nitinol has a Young's Modulus of 24 GPA and yield strength of 124 MPA [6] . There are various grades of 316 stainless steel. The grade that was used for this experiment is Carpenter BioDur 316LS Stainless Medical Implant Alloy (Annealed) [12] . This stainless steel alloy has an ultimate tensile strength of 586 MPa and a yield strength of 434 MPa. PLLA is another material of interest. It has an ultimate tensile strength of 900 MPa and a Young's modulus of 8.5 GPa [13] .
As explained earlier, most materials used in stent design tend to be materials that have a larger elastic region (higher modulus of resilience). However, because of the nature of this static study, the materials could be modeled to represent an instantaneous state. The materials were defined by entering the corresponding Young's Modulus and Poisson's Ratio. The stents were assigned homogenous, solid material properties. Appropriate boundary conditions were applied next. The stents were fixed at the ends to simulate friction holding the stents against the arterial wall. An encastre boundary condition was applied to allow for zero degrees of freedom along the X, Y, and Z axes. A uniformly distributed pressure of 0.02333 MPa was applied to the periphery of the stent. The compressive stress was induced on the stent using the negative vector value in Abaqus. This simulates the pressure applied by the arterial wall. Figure 6 shows the boundary and loading conditions for each stent model. The red color indicates the location of the uniformly distributed pressure. The orange color indicates the locations of the encastre boundary condition. The encastre boundary condition confines the translational and rotational degrees of freedom for the X, Y, and Z axes to zero. A zero degree of freedom restrains rotations and translations.
The selection of three different stent designs along with three different materials created nine different scenarios in total for the FEA analysis. A mesh was applied to each scenario. A tetrahedral element was used for the mesh control. Two different global seeds were used in order to create two replicates for each scenario. A global seed of 1.0 was used for the first replicate. A global seed of 1.1 was used for the second replicate. Replicates provide more data points for the analysis. Figure 8 that the maximum Von Mises stresses occur at the radii on the stent struts. This concentration is likely due to radii acting as stress concentration points. The struts are designed in such a way as to reduce the stresses on the load-bearing portions of the struts. Figure 9 that the stresses are localized at the connection points between the stent struts and bridges. The transition that occurs between the bridges and the struts is very sharp. There is no radius to ease the transition. The sharpness leads to stress concentration and possible crack propagation. Figure 10 demonstrates the Von Mises stresses for the Palmaz stent design. Figure 10 shows that the maximum Von Mises stresses occur at the connections between struts. This stent is a closed cell design. Each strut is connected to the adjacent strut. The connections provide stress concentration. Another observation from Figure 10 is that the Palmaz stent design appears more robust as compared to the open and the sinusoidal stent designs. This is likely because of its closed cell structure. These results were then analyzed using the two-way ANOVA [15] . The analysis was performed to determine the main effects and interaction effects. A confidence level of 95% was used. The response variable was maximum Von Mises Stress generated around the stent. The two input factors were strut design and material type. Each of these factors has three levels as shown in Table 1 . Table 2 shows the mean values of Von Mises stresses for the various factor level combinations and Table 4 shows the ANOVA output. The P value from the ANOVA output is used to determine if a factor is significant. There are three important P values in Table 4 : two for main effects of the strut design and the material type and one for the interaction between these two factors. Strut design has a P value close to zero. This is less than the confidence value of 0.05. Therefore, we can conclude that the strut design has significant impact on the Von-mises stresses generated around the stent. The material factor has a P value of 0.798. This is greater than the confidence level; therefore we can conclude that the material type has no impact on the stresses generated around the stent. The interaction between factors should also be examined. The interaction has a P value of 0.997. This is again greater than the confidence level. Thus, the interaction effect between strut design and material is insignificant as well. The residuals from a factorial experiment play an important role in assessing model adequacy. Figure  11 shows the normal probability plot of the residuals. There is no indication of non-normality. Also, there is no indication of possible outliers. Figure 12 shows the residuals versus the fitted values. This plot shows no special trends indicating that there is no relationship between the size of the residuals and the fitted values. Thus, the findings of this research indicate that strut design is the sole factor in determining the maximum Von Mises stress induced by arterial wall pressure. Material is not a significant factor. However, according to previously cited literature, material is an important factor in determining biocompatibility of the stent. Material is also an important factor is determining a stent's fatigue life.
CONCLUSION AND FUTURE RESEARCH
The findings refute the hypothesis that strut design and material are both significant factors in determining stresses induced by arterial wall pressure. The findings indicate that the Palmaz stent is most capable of withstanding arterial wall pressure. It is well documented in literature that the Palmaz stent has a high level of safety [21] and has been clinically proven to reduce in-vivo complications such as restenosis. The findings in this research support the fact that the Palmaz stent is a clinically safe stent strut design. The diamond shaped cells of a Palmaz stent provide a high degree of structural integrity. The open stent design would be the least capable of withstanding arterial wall pressure Experimental design studies are sequential in nature. This study was mainly focused on two parameters: strut design and material type. With the findings of the current study, it is possible now to perform subsequent experiments on Palmaz stent design focusing on its other sophisticated design parameters, different loading and pressure conditions, actual arterial shape, etc. Future research will expand the analysis to a dynamic study. The dynamic study will involve all forces and pressures that are associated with stents. These pressures and forces include deployment forces, periodic blood pressure, and pressures from the arterial wall. The future research will also analyze the impact on the arterial wall. This part of the research will determine the shear and displacement on the arterial wall. The potential for restenosis can then be determined.
Currently we are undertaking another study to determine the fatigue life of varying stent geometries. The stents will be expanded in an artery model. A sinusoidal service loading equivalent to the pulse pressure will be applied to the inner surface of the artery and stent. The maximum and minimum principle stresses will be monitored to determine the number of reversible loads (using stress life theory and strain life theory).
In the current study, the strut thickness was a held-constant factor because we were mainly interested in studying the effect of stent design and material type on its robustness. With the findings in the current paper, a subsequent parametric study using SolidWorks design studies can also be performed on the Palmaz design to analyze the impact of varying strut thickness on stresses generated around the stent. Strut thickness has significant impact on stent stresses. A thicker strut will generally have lower stresses due to an increase in the stent's second moment of inertia. The thickness study can be combined with a study in which the stents are expanded within the artery. It is well known that thicker stent struts can lead to higher shear stresses within the artery wall. High arterial stress levels can lead to restenosis (or a re-closure of the artery).
